reported that acetoacetate, ,-hydroxybutyrate and short-chain fatty acids, though themselves only slightly if at all gluconeogenic, can greatly increase the rate of glucose formation from lactate and certain other glucogenic precursors. To explain this effect it was suggested that the stimulating effect ofacetoacetate and fatty acids may be due to a 'sparing' action: since acetoacetate and fatty acids are readily oxidized in kidney cortex they may spare potential glucose precursors which otherwise would serve as a fuel of respiration. Experiments are reported in this paper which indicate that apart from the sparing action there may be a second mechanism responsible for the increased gluconeogenesis in the presence of acetoacetate and related substances. This is the activation by acyl-coenzyme A of pyruvate carboxylase [pyruvate-CO2 ligase (ADP); EC 6.4.1.1] discovered on purified enzyme preparations by . Some of the work described in the paper has already been briefly reported (Krebs, 1964) .
EXPERIMENTAL
All experiments were carried out on washed slices of kidney cortex incubated at 400. The general procedure was as described by Krebs, Bennett, de Gasquet, Gascoyne & Yoshida (1963b) except that the medium of incubation in most experiments was the phosphate-buffered saline of Krebs & de Gasquet (1964) . This was used because it allowed the uptake of 02 to be measured, with alkali but no filter paper in the centre wells of the manometer cups. The filter paper was omitted to maintain a somewhat higher steady-state pressure of C02, which is a reactant in gluconeogenesis.
Wistar rats, maintained (unless stated otherwise) on a low-carbohydrate diet, consisting of three parts of casein and one part of margarine, and supplemented with minerals and vitamins, were used when relatively small numbers of slices (30-50mg. wet wt. in 4ml. of medium) were needed. When larger quantities were required, sheep kidneys obtained from a slaughterhouse were used. The kidneys were removed from the animal as quickly as possible after death and transported to the laboratory in ice. To have sufficient material for various analyses about 800mg. (wet wt.) of tissue was suspended in 20ml. of medium in large conical Warburg manometer flasks of about 160ml.
capacity. The gas space contained 02. The temperature was 400. Acidic substrates were added as solutions of sodium salts.
At the end of the incubation period the flasks were removed from the bath as quickly as possible and the tissue was taken out of the suspension, and when required for analysis it was lightly blotted and cooled to -70°. The frozen tissue was homogenized in 2ml. of 3% HC104 in a glass homogenizer. It was then centrifuged and the sediment was washed with small quantities of 3% HC104. The combined supernatant and washings were brought to pH 6-0 with 30% KOH. The total volume at this stage was about 4ml.
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Glucose was determined by the glucose oxidase method as previously described. Lactate was determined according to Hohorst (1963) , acetoacetate and D-flhydroxybutyrate according to Williamson, Mellanby & Krebs (1962) , and acetyl-CoA according to the procedure of Wieland & Weiss (1963) , which is based on reaction systems first described by Ochoa (1955) . Crotonate was determined spectrophotometrically at 235 mu after extraction with ether and solution of the extract in 90% (w/v) H2SO4 (see Law & Slepecky, 1961) .
Metabolic rates are expressed on either a fresh-or dryweight basis. The dry weightwas ascertained, as in previous work, by drying slices after incubation. In the course of the present work it became known that kidney slices may lose, during incubation, about 20% of their original dry weight.
RESULTS
Effects of acetate on gluconeogenesis from lactate in rat-kidney-cortex 8lice8. Krebs, Hems & Gascoyne (1963) showed that acetoacetate, ,-hydroxybutyrate, butyrate and hexanoate increased the formation of glucose in kidney cortex in the presence of lactate. Acetate, as shown in Table 1 , has similar effects. When added alone, though increasing the oxygen uptake, it had no major effect on the glucose formation; slight increase occurred in some experiments. It had very large effects in the presence of lactate on both the oxygen consumption and the formation of glucose, especially at low lactate concentrations. Glucose formation was more than doubled under some conditions. Acetate also affected the ratio lactate used/extra glucose formed, lowering the values from between 3-5 and 7-6 to near 2-0. A value 2 indicates that almost all the lactate used served to form glucose. In the absence of acetate some of the lactate removed probably served as a substrate of respiration.
Effects of crotonate. The effects of crotonate were similar to those of acetate. It is especially noteworthy that the increase in the oxygen consumption was small when crotonate was added alone and in the absence of lactate there was no definite effect on the formation of glucose. With lactate there were marked increases in the oxygen consumption and glucose formation on addition of crotonate ( (Table 4) .
Effects of acetoacetate on the formation of glucose from fumarate, oc-oxoglutarate and glutamate in rat kidney cortex. Krebs et al. (1963a) have already shown that at 2 5mm-fumarate acetoacetate increased the rate of gluconeogenesis but that there was no effect at lOmM-fumarate. This stimulating effect at low fumarate concentration is confirmed 714
1965 Table 4 . Effect of propionate on gluconeogenei8s from L-lactate in rat kidney cortex Rats were fed on the standard diet (see Krebs et al. 1963b Table 7 ). In all experiments both acetoacetate and acetate increased glucose formation in the presence of low concentrations of lactate, and as in rat kidney they caused a slight increase in glucose formation when , the increase in the concentrations of acetyl-CoA is within the range where the activating effect on the enzyme is to be expected. These findings are in agreement with the assumption (but do not prove it) that the carboxylation of pyruvate is one of the rate-limiting steps of glucose formation and that the rate of this reaction depends on the concentration of acetyl-CoA. Effect of acetoacetate and concentration8 of acetyl-coenzyme A in rabbit kidney cortex. Similar results were obtained with rabbit kidney cortex (Table 8 ). In this tissue the stimulating effect of acetoacetate on the formation of glucose was rather larger than in rat and sheep kidney (between 140 and 430%). These increases were accompanied byraised concentrations ofacetyl-CoA in the tissues, especially in Expt. 2. The increase was slight in Expt. 3. In the absence of acetoacetate the rate of glucose synthesis was much lower than in the rat and sheep kidney. This may be connected with the circumstance that the need for gluconeogenesis in the rabbit, as a herbivore and non-ruminant, may be smaller than in the rat and the sheep.
Evidence on mechani*m of action of ketone bodies and fatty acid8. Many of the stimulating effects of ketone bodies and fatty acids on glucose formation from lactate can be explained either by a sparing action or by a stimulating effect on pyruvate carboxylase. Two further series of experiments were carried out to obtain evidence on the question to what extent the activation of pyruvate carboxylase may be responsible for the stimulating effect. The first series consisted of experiments at high lactate concentrations when the supply of lactate may have been taken to be in excess of possible needs and when therefore a sparing action was unlikely to be relevant. Increasing the concentration of lactate above 10mM did not increase the rate of glucose formation in the absence of added acetoacetate (Table 9 ), but at the highest lactate concentrations (20mM) the added acetoacetate still stimulated glucose formation, the absolute increase being about the same as at low lactate concentrations (Expt. 2). The same results were obtained with propionate (Table 4) and acetate and crotonate (Table 10) . It is relevant to the interpretation of these observations that in similar experiments with pyruvate no acceleration occurred at high pyruvate concentrations.
The second series of experiments was based on the consideration that the sparing effect would show definable stoicheiometric relations between the amounts of lactate spared for glucose formation and the amounts of stimulating agent used: the amounts of lactate spared should be equivalent, in terms of oxygen needed for combustion, to the amounts of sparing material burnt. On the other hand if the stimulating effect is due to an activation of an enzyme, the stimulating agent should act catalytically, like the enzyme it activates, and the amount of the agent required should be expected to be smaller than the amounts of extra glucose formed. The volume ofmedium was kept low (2ml.) to combine maximum concentrations with a minimum total amount of added substrates. The experiments were on the whole inconclusive and are therefore not reported in detail. In some experiments acetoacetate and crotonate gave catalytic effects when 10mg. (dry wt.) rat kidney cortex was 
DISCUSSION
Sparing action ver8um activation of pyruvate carboxykwe. Two mechanisms could account for the acceleration of gluconeogenesis by ketone bodies and fatty acids, namely a 'sparing' effect in which the added fatty acid serves as a fuel of respiration and spares glucogenic substrates for gluconeogenesis or an activation of pyruvate carboxylase by acyl-CoA. The occurrence of the sparing effect is shown by the fact that less lactate is used and more glucose formed, and that the ratio lactate used/glucose formed is decreased and approaches the value 2 when substrates other than lactate are available as fuel of respiration.
There are, however, many observations which are difficult to reconcile with the view that a sparing effect is the only mechanism of acceleration and which support the mssumption that the activation of pyruvate carboxylase is another major factor in stimulating gluconeogenesis:
(1) The effect occurs at high lactate concentrations when the excess of substrate, together with abundance of lactate dehydrogenase, should be sufficient to supply an excess of pyruvate for both gluconeogenesis and cell respiration; in other words the acceleration occurs in a situation when there is no case for a sparing action.
(2) The effect is absent at high concentrations of fumarate or other dicarboxylic acids where pyruvate carboxylase cannot be rate-limiting. It is also absent with pyruvate which alone can saturate the tissue with acetyl-CoA.
(3) Those substances (acetate, propionate, crotonate) the coenzyme derivatives of which activate the purified pyruvate carboxylase, according to , also stimulate gluconeogenesis from lactate. Propionate and crotonate are as effective as acetate although the rates of oxidation of propionate and crotonate are much lower than those of the other accelerating substrates.
(4) The postulated rise in the concentration of acetyl-CoA in the tissue has been demonstrated, and it is of the order of magnitude and in the range of concentrations where, according to the Ki, an activating effect is to be expected.
(5) In many experiments, far from sparing the total utilization of lactate, acetate increased the overall lactate utilization, expecially at low lactate concentrations (see Table 1 
